A B S T R A C T Addisonian patients
A B S T R A C T Addisonian patients can maintain potassium homeostasis despite the absence of mineralocorticoid. The present in vitro microperfusion studies examine what role the cortical collecting tubule might play in this process. All studies were performed on tubules harvested from adrenalectomized rabbits, which were maintained on 0.15 M NaCl drinking water and dexamethasone 50 Ag/d. Perfusion 16 .5±2.6 meq/liter with an observed transepithelial voltage of -6.3±4.1 mV; predicted voltage for passive distribution of potassium being -28.2 mV). To examine whether this active potassium secretion could be modulated by dietary potassium, independent of mineralocorticoid, two diets identical in all respects except for potassium content were formulated. Potassium secretion was compared in cortical collecting tubules harvested from adrenalectomized animals on low (0.1 meq K) and high (10 meq K) potassium intake.
Mean net potassium secretion by cortical collecting tubules was 2.02±0.54 peq mm-' min-' in the low potassium diet group and 5.34±.74 peq * mm-' * min-' in the high potassium group. The mean transepithelial voltages of the collecting tubules did not differ between the two dietary groups. While net Na reabsorption was significantly greater in tubules from the high K group, this could not account for the differences in K secretion. These data demonstrate that: (a) the cortical collecting tubule can actively secrete potassium and that the magnitude of this potassium secretion correlates with potassium intake; (b) this active INTRODUCTION Administration of mineralocorticoids produces a kaliuresis when sodium intake is not restricted (1, 2) . Similarly, disease states associated with excess endogenous adrenocortical steroids are associated with large amounts of potassium in the urine and hypokalemia. In contrast, selective mineralocorticoid deficiency and generalized adrenocortical-deficient states such as Addison's disease frequently result in some degree of hyperkalemia. However, although mild hyperkalemia is common in the Addisonian, severe hyperkalemia is rare in the absence of cardiovascular collapse (3) . Moreover, potassium homeostasis is preserved in adrenocortical insufficiency, as judged by stable serum potassium levels, and renal potassium excretion, which appears comparable to normal (4, 5) .
These findings suggest that the kidney is capable of regulating potassium excretion independent of mineralocorticoids. The following statements are generally accepted: (a) Renal potassium excretion is the principle determinant of potassium homeostasis when glomerular filtration rate is not significantly less than normal (6); (b) Renal potassium excretion is primarily determined by distal nephron potassium secretion (7, 8) ; (c) A significant portion of distal potassium secretion occurs in the cortical collecting tubule (9); (d) The cortical collecting tubule is a target epithelium for mineralocorticoids (9) (10) (11) ; (e) Potassium secretory flux measured in vitro in this segment is increased by increasing in vivo mineralocorticoid levels chronically (12) (13) (14) ; (f ) Active potassium secretion has been demonstrated in the cortical collecting tubule of normal rabbits (15) (16) (17) . In view of these preceding observations, we wished to determine first, whether potassium secretion occurs in this nephron segment in the absence of mineralocorticoid; second, whether this potassium secretion is an active process; third, if a mineralocorticoid independent potassium secretory process is present, is it responsive to dietary potassium intake; and fourth, to determine what factors, independent of mineralocorticoid, may modulate potassium secretion.
METHODS
Two groups of experiments were conducted. In both, female New Zealand White rabbits that weighed between 1 and 2 kg were used. These animals underwent bilateral adrenalectomy at least 7 Fig. 1 , there is a correlation of these two variables with potassium secretion increasing with lumen negativity. There was net potassium secretion, however, even when the transepithelial voltage was lumen positive. Under this condition net potassium movement was against its electrochemical gradient.
In those instances in which the transepithelial voltage was negative it is necessary to consider whether the observed transepithelial voltage is sufficient to explain the observed rise in potassium concentration along the tubule. To evaluate this question we plotted in Fig. 2 Fig. 1 , the data for individual collections are plotted. The solid line is that of diffusion equilibrium described by the Nernst equation. The points are the observed data from these nine experiments. We have plotted every individual collection period separately to demonstrate that each datum is displaced well above the Nernst equation. This shows that potassium is not simply distributed passively across the epithelium.
Estimates of the passive contribution to K flux by three different methods are provided in Table IV . The largest estimate of passive flux (26% of total observed net K secretion) was obtained using the difference between lumen and bath K concentrations predicted by the Nernst equation. Using the Goldman equation: (17) . Cal- Plasma and urine measurements-protocol II. The mean arterial pH for the high potassium (7.31±.07) and low potassium (7.28±.04) group were not significantly different. Plasma potassium and urinary potassium excretion were greater in the high potassium dietary group than in the low potassium group (Fig.  3) . Likewise, muscle and kidney cortex potassium content was greater in the high potassium group than in the low potassium group (Fig. 3) .
Microperfusion data-protocol II. Eight cortical collecting tubules from high K rabbits and seven cortical collecting tubules from low K rabbits were studied. In most of the tubules (5 high K and 6 low K) two sets of three collections for Na and K were obtained. One set was obtained -1-2 h after perfusion was initiated and another obtained about 3-4 h after initiation of perfusion. Early and late results were not significantly different. Comparison of the mean transepithelial voltage and potassium secretion are given in Fig.  4 cretion in the high potassium group than in the low potassium group. Thus the difference in potassium secretion between the two groups cannot be attributed to a difference in transepithelial voltage.
To examine other factors that may affect potassium secretion we plotted the relation between potassium secretion and sodium reabsorption (Fig. 6 ). There is a significant correlation of potassium secretion and sodium reabsorption. In this figure collection periods during measurement of lumen positive voltage are represented by closed symbols, whereas collections made during measurement of lumen negative voltage are represented by open symbols. It is of interest that the only significant overlap in net K secretion by these tubules occurred in those four instances (two tubules) where low K tubules exhibited significant lumen negative voltage.
DISCUSSION
To assess the mineralocorticoid requirement (or lack of it) in cortical collecting tubule adaptation to K loading, we elected to study tubules harvested from adrenalectomized rabbits. Our experiments add two fundamental observations to the existing knowledge concerning K adaptation in cortical collecting tubules: (12) (13) (14) and Table V (17) has shown that there is a remarkably constant ratio of sodium reabsorption for potassium secretion in both normal and DOCA-treated rabbits. This relatively constant ratio of potassium secretion for sodium reabsorption has been interpreted as evidence for a sodium-potassium exchanger, requiring energy and presumably located at the basolateral membrane. A likely candidate for this exchanger is sodium-potassium activated adenosine triphosphatase, which has been shown to reside in the basolateral membranes and require adenosine triphosphate for the translocation of sodium and potassium. However, direct measurement of sodium potassium activated adenosine triphosphatase in cortical collecting tubules from adrenalectomized rabbits treated in an identical manner as those in protocol I of the present studies demonstrates low enzyme activity (22, 23) . This observation is in keeping with the findings of Fine et al. (24) who demonstrated that the increased K+ secretion of collecting tubules from K-loaded normal or uremic rabbits was not associated with increased Na-K-ATPase activity. The apparent lack of a dependency of augmentation in cortical collecting duct K+ secretion on increased Na-K-ATPase activity is in contrast with the findings of Doucet and Katz (25) . We have no clear explanation for the different observations.
With respect to the differences in potassium secretion between the dietary groups in protocol II, two variables were measured in the same tubules in which potassium secretion was measured: transepithelial voltage and sodium reabsorption. As with protocol I there was a significant relation between potassium secretion and transepithelial voltage. However, because the high and low diet groups had mean transepithelial voltages that were not different, the difference in potassium secretion between the two groups could not be attributed to an effect of transepithelial voltage. Hence, as shown in Fig. 5 , for a given value of transepithelial voltage, potassium secretion was greater in the high potassium group than in the low potassium group.
Analysis of the relation between sodium reabsorption and potassium secretion demonstrated a linear correlation of these two variables (Fig. 6) . Comparison of sodium reabsorptive rates for both the high potassium and low potassium diet groups demonstrates a small but significant difference between the two groups (low potassium = 3.84±0.67 pmol mm-' min-' high potassium = 6.24±1.17 pmol mm-' min-' P < 0.05). If one estimates the magnitude of potassium secretion that can be related to the differences in sodium reabsorption between tubules from the two dietary groups (by multiplying the difference in Na reabsorption between the low and high K diet groups by the slope of the line in Fig. 6, 2 .40 pmol -mm-' * min-' x 0.327), it is evident that differences in net sodium reabsorption can account for only a fraction (0.78 pmol * mm-' * min-') of the difference in observed net K secretion (3.32 pmol * mi-' * min-'). Thus, while a relation between sodium reabsorption and potassium secretion was demonstrable in these tubules, differences in net sodium reabsorption could not account for the differences in K secretion between the two dietary groups. Because differences in transepithelial voltage could also not account for the differences in observed K secretion we conclude that the effect of dietary K intake is mediated, at least in part, by other factor(s). The nature of these additional factors (intracellular K activity, alterations in luminal or peritubular membrane K conductance, etc.) are not addressed by our studies.
These studies are the first to describe Na and K transport in cortical collecting tubules obtained from adrenalectomized rabbits. We compare ( Table V) the results of our studies with Na and K fluxes in tubules from normal animals and animals in which mineralocorticoid levels were altered by diet or exogenous administration (12) (13) (14) 24) . It is notable that adrenalectomy sharply reduces net Na reabsorption and lumen negative voltage in cortical collecting tubules perfused in vitro. We attribute the low values in the present studies to the fact that the rabbits from which our tubules were obtained had no detectable mineralocorticoid activity in their plasma for a minimum of 7 d. In studies using dietary manipulations of salt intake of intact animals such prolonged and complete suppression of mineralocorticoid activity is difficult to achieve. In addition, it is also apparent that maneuvers that increase mineralocorticoid activity in the animals result in increased Na absorption, K secretion, and lumen negative voltage. Finally, it is interesting to note that in tubules from rabbits in which endogenous mineralocorticoid levels were suppressed by a low K, high Na diet (12) K secretion was slightly greater but close to the value seen in the low K tubules of this study.
It should be remembered that all of our studies were carried out in tubules obtained from adrenalectomized but glucocorticoid-replaced animals. Because our major goal was to address the mineralocorticoid dependency of renal K adaptation, we elected to keep the glucocorticoid background intact and constant. In view of the observation of Rodriguez et al. (26) , who found that whole cortical or medullary Na-K-ATPase activity was more responsive to a single dose of dexamethasone than aldosterone, we cannot exclude a permissive role for glucocorticoids in the renal adaptation to increased K intake.
In summary, this study provides evidence that the cortical collecting tubule of glucocorticoid-replaced adrenalectomized rabbits is capable of active potassium secretion and that the magnitude of potassium secretion responds to changes in dietary K intake. This effect is not wholly attributable to changes in sodium reabsorption or transepithelial voltage. Irrespective of the mechanism, these studies support the notion that the cortical collecting tubule can contribute to the K homeostasis of Addison's disease by responding to increased dietary K intake with increased K secretion.
